Titrimetry is a classical analytical method that is still widely in use. It is adopted, for example, as a method for the quantitative analysis of nearly 60% of drugs listed in Part 1 of the Japanese Parmacopoeia. 1 According to a book by Szabadváry, 2 the origin of titrimetry can be traced back to 1729 when Geoffroy analyzed vinegar samples with K2CO3. However, conventional manual titration using glassware, such as a burette, is tedious and time-consuming. Various flow titration techniques have therefore been developed, as recently reviewed by Tanaka and Nakano.
These include flow injection titration, 4 sequential injection titration, 5 triangle programmed coulometric titration, [6] [7] [8] flow ratiometric titration 9, 10 and monosegmented flow titration. 11 Tanaka et al. 12, 13 proposed a feedback-based flow ratiometry, a new concept for continuous titration. In their approach, the titrant flow rate is linearly varied while the total (titrant + titrand) flow rate (FT) is held constant. The scan direction of the titrant flow rate is reversed from upward to downward, and vice versa, whenever the equivalence point EP is detected. Thus, the scan range is limited to the range around EP. A high throughput was attained for photometric 12 and potentiometric 13 titrtions (6 and 5 titrations per minute, respectively). Jo and Dasgupta 14 applied this method to cheletometric titrations.
Very recently, we introduced a new strategy to feedback-based flow ratiometry. 15 After feedback-based operation, fixed triangular waves were used to control the titrant flow rate in order to further limit the scan to the range of interest. The developed method realized potentiometric titrations having an extremely high throughput rate at reasonable precision (maximally 17.6 titrations per minute at RSD = 0.35%). In the present study, we extended the principle of the method to photometric titrimetry, because the photo-sensor is one of the most popular detectors in flow analyses, and is expected to have a quicker response than an electrode.
Experimental
Flow system Figure 1 shows the flow system of the present study. The principle of flow ratiometry for high-throughput titration, which we recently proposed for potentiometric titration, was extended to photometric titration. The flow rate (FB) of a base solution containing an acid-base indicator was linearly varied in response to a control voltage (Vc) generated from a computer. With the total (acid + base) flow rate (FT) being kept constant, the base solution was merged with an acid solution, which was aspirated to the confluence point at a flow rate of FT -FB. Downstream, the relative transmittance of the mixed solution was measured at the maximum absorption wavelength of the base form of the indicator. Initially, a feedback-based control was applied, where the scan direction of Vc was reversed from upward to downward, and vice versa, whenever the transition of the indicator at the equivalence point (EP) was sensed. Next, the scan range of Vc was further limited to the range just around EP by using fixed triangular waves. These processes avoided scanning in a range of no interest. Thus, an unprecedentedly high throughput rate (maximally 34 titrations per minute, corresponding to 1.76 s per titration) was realized with reasonable precision (RSD < 0.5%). 
Reagents
Reagents of analytical reagent grade, purchased from Kanto Chemicals, Nacalai Tesque or Wako Pure Chemical Industries, were used without further purification. Milli-Q SP deionized water was used throughout.
Principles
The principle of the present approach is schematically shown in Fig. 2 . Initially, the controller output voltage (Vc), and thus the flow rate (FB) of a base solution is increased linearly; Vc determines the composition of the merged solution at the confluence point (C in Fig. 1 ). There is a lag time (tlag) between the merging and sensing of the solutions; tlag, which consists primarily of the physical transit time of the merged solution to reach the flow cell, is virtually constant because the total flow rate (FT) is held constant.
The detector output voltage (Vd), which is proportional to the transmittance, is initially high because the analytical wavelength is set at the maximum absorption wavelength of the base form of the indicator, and the mixed solution is acidic. The pH of the mixed solution increases with Vc (and thus with FB). The pH jumps up to around the equivalence point (EP) and, therefore, Vd decreases drastically. At the instant (a) Vd crosses a set point (VSP) that corresponds to EP, and is determined from a preliminary measurement, the scan direction of Vc is reversed from upward to downward. When Vd crosses VSP next time (b), the scan direction of Vc is reversed to upward again. Such feedback-based operation (FB) gives a triangular waveform of Vc that has an amplitude of 2(dVc/dt)tlag and a frequency of (4tlag) -1 , where (dVc/dt) is the scan rate of Vc. Because of tlag, the maximum (VH) and minimum (VL) values of Vc are considered to be higher and lower, respectively, than the controller output voltage (VE), which gives the true equivalence composition at the confluence point by the amount of (dVc/dt)tlag. Averaging of the most recent maximum (VH) and minimum (VL) values of Vc can, therefore, offset the influence of tlag, and gives the value of VE, as expressed by the following equation:
When Vd crosses VSP a third time (c), a fixed triangular wave control (Fxd) is put into operation, where the amplitude of Vc is fixed to be narrower than that obtained through the most recent feedback-based scan. Although the scan direction of Vc reverses before the sensing of Vsp in this operation, Vd reaches Vsp after the reversal as long as the scan range of Vc covers VE. The controller output voltages (VH* and VL*) corresponding to VH and VL, respectively, can be estimated by extrapolating Vc before the reversal to the time Vsp is sensed. In Fig. 2 , VH* and VL* are slightly higher and lower than VH and VL, respectively. This is reasonable because a higher dVc/dt is applied to the fixed triangular wave control than to the feedback-based control, as mentioned later. If the same dVc/dt is applied to both operations, VH* and VL* should be equal to VH and VL, respectively.
When VE happens to move outside of the fixed scan range due to a considerable change of the analyte concentration, Vd becomes unable to reach Vsp. In this case, the algorithm starts a feedback-based control for locating a new VE (denoted as VE′), and then a fixed triangular wave control occurs again, in a similar way as described above.
Results and Discussion

Basic conditions for the measurement
No mixing reactor was used because active mixing by the rollers of pump P2 was sufficient to mix the solutions. 15 In contrast with previous studies, 15, 16 where the equivalence point (EP) was located as the inflection point of the titration curve, EP was determined simply as the point where Vd crosses a preset value (Vsp), as mentioned in Principle. In addition, the transition of Vd was steep around EP. Noise filtration (moving average technique) for raw Vd was, therefore, limited to a minimal extent because extensive filtration resulted rather in a lowering of the throughput rate.
Typically, 3 consecutive raw Vd were averaged. The scan rate of Vc for feedback-based control was set at 50 mV s -1 by refereeing to the results of a previous study. 13 Temporal titration profile and titration curve Figure 3A shows a typical temporal profile of Vc and Vd for the titration of 0.1 mol dm -3 HCl with the same concentration of NaOH containing ca. 30 mmol dm -3 Bromothymol Blue as an acid-base indicator (acid form, yellow; base form, blue). The analytical wavelength was 616 nm. The slope (dVd/dt) of Vd is also plotted in this figure as a reference. The scan rate of Vc for a fixed triangular wave was set at 75 mV s -1 . The preset value (Vsp) can be set independently for the upward and downward scans of Vc in order to prevent the effect of noise; 12 3.91 and 3.93 V were set for the former and the latter scans, which lowered and heightened Vd, respectively.
The results shown in Fig. 3A agreed well with the theoretical plot shown in Fig. 2 . A fixed triangular operation followed the initial feedback-based operation at a time of 35.5 s. The values of VE obtained through both operations agreed well with each other (1.702 ± 0.004, and 1.696 ± 0.007 V, respectively). The time needed for one titration was 8.62 and 2.93 s per titration for the respective operations. Figure 3B shows a titration curve for the same data, where the symbols of a -g correspond to those in Fig. 3A . The larger clockwise loop of b-c-d-e-b is the titration curve obtained through feedback-based flow ratiometry, and the smaller counterclockwise loop of f-g-f is the curve through the fixed triangular wave-controlled flow ratiometry. The latter titration curve clearly shows the distinct advantage of the present method. That is, the titration is limited to a very narrow range just around EP, which contributes to a further improvement in the throughput rate.
Effect of the scan rate of Vc for fixed triangular wave control
As for the fixed triangular wave control, the time needed per titration is inversely proportional to the scan rate of Vc and proportional to the scan range. In the present study, the latter was fixed at half of the amplitude of Vd for the most recent feedback-based operation, because a too-narrow scan range might fail in covering VE if a considerable change of the analyte concentration occurs. The effect of the scan rate (dVc/dt) of Vc for fixed triangular wave control was, therefore, investigated in the range of 50 -200 mV s -1 in order to improve the efficiency. An efficiency, expressed in terms of the time needed per titration, is plotted against dVc/dt in Fig. 4A . As expected, the time greatly and then gradually decreased with the increase of dVc/dt. The efficiency of 1.76 s per titration was obtained at a dVc/dt of 130 mV s -1 , which means 34.1 titrations could be performed per minute. The RSD of VE is plotted against dVc/dt in Fig. 4B . The RSD increased with dVc/dt. At a dVc/dt value higher than 150 mV s -1 , the system became unstable to locate VE precisely. Consequently, 75 mV s -1 was selected as the optimum dVc/dt for fixed triangular wave control, by taking both the efficiency and the precision into account. The throughput rate under this condition seemed to be sufficient for practical applications; 20.5 titrations can be done per minute.
Continuous titrations of a stream of changing composition
In many applications, such as the monitoring of process streams, the concentration of the analyte may change not so drastically, and remain in a certain range. The present system can continue fixed triangular wave operations as long as the scan range of Vc covers the equivalence point, even if the analyte concentration is varied. The developed algorithm, however, provides the function to follow a considerable change in the analyte concentration by restarting the feedback-based operation, as described in Principle. We therefore tested the function by drastically changing the titrand concentration. That is, 0.1, 0.5, 0.05 and 0.1 mol dm -3 HCl were successively allowed to be aspirated to the flow system as the titrand (each duration time was around 120 s), and were measured by using the present algorithm. The results are shown in Fig. 5 . The initial feedback-based scans were followed by fixed triangular wave scans at the time of 64.25 s (i). When 0.5 mol dm -3 HCl came in the flow system, the Vc scan range in the fixed triangular wave control became too low to cover the new equivalence point. A feedback-based scan therefore began to the upward direction at a time of 114.8 s (ii). This control was followed by a fixed triangular wave control at a time of 172.5 s (iii).
Such a series of operations were repeated over automatically when the titrand concentration was greatly changed. It took 67.7 s (time = 226.45 -287.15 s) to locate a new equivalence point when the titrand was changed from 0.5 to 0.05 mol dm -3 HCl. Although the measurement included such an extreme case, 59 titrations were nevertheless made during the whole period of the operations (476.325 s), resulting in an average titration time requirement of as low as 8.07 s per measurement. These results shown in Fig. 5 clearly demonstrate that the developed system can satisfactorily follow the change in the titrand concentration. 
Application to various acid-base titrations
As described in previous papers, 12,15 the present method is an absolute method that needs no calibration curve, in principle, as long as the titrant concentration is well standardized and the pump speed is accurately calibrated. It may, however, be more practical and convenient to obtain a calibration curve than to standardize the titrant and to calibrate the pump speed. In the present system, the following relationship is held at the equivalence point:
Here, n and C are the valence and concentration, respectively, of the species denoted by the subscripts (A, acid; B, base); k is a proportional constant, assuming that FB is proportional to Vc (i.e., FB = kVc). Therefore, the plot of VE -1 against CA -1 is linear for the titration of an acid with a base titrant; the plot of VE -1 against CB is linear for the titration of a base with an acid titrant. Various concentrations of acids (HCl, CH3COOH, H3PO4) and bases (NaOH, NH3, Na2CO3) were titrated with 0.1 mol dm -1 of NaOH and HCl, respectively. Acid-base indicators were carefully selected by referring both the transition interval of the indicator and the estimated pH at the equivalence point. As for the titrations of H3PO4 and Na2CO3, the first and second equivalence points could be determined independently, by Table 1 . The linearity of the plots based on Eq. (1), listed in the right-most column as the coefficient of determination (r 2 ), is satisfactory for the examined titrand.
In conclusion, the proposed method based on an advanced flow ratiometry has been successfully applied to continuous photometric titrations. Compared with the previous system with potentiometric detection, the present system is much superior with respect to the throughput rate, although it needs a suitable acid-base indicator.
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